To determine the frequency of KCNQ2 mutations in patients with neonatal epileptic encephalopathy (NEE), and to expand the phenotypic spectrum of KCNQ2 epileptic encephalopathy.
epileptic encephalopathy (EE) and onset in the first 3 months of life. All individuals carrying a mutation had epilepsy onset in the first week of life. We concluded that KCNQ2 screening should be considered in patients with refractory neonatal seizures of unknown origin. 3 In the study presented here, we aimed to determine the frequency of KCNQ2 mutations in a selected cohort of patients with an NEE defined by onset in the first month of life. We furthermore collected detailed clinical information of 6 patients with KCNQ2 encephalopathy diagnosed using an epilepsy gene panel. We describe the clinical and radiologic features of 17 patients, make a first attempt to establish genotype-phenotype correlations, and discuss treatment options. METHODS Patients. We screened a cohort of 84 patients with unexplained NEE. Patients were referred for this study by collaborating child neurologists. All patients had onset of seizures within the first month of life associated with delayed development. Additional neurologic deficits such as hypotonia or spasticity were present in some individuals. Because patients were referred from multiple clinical centers, no uniform etiologic screening protocol was used. However, in all patients, routine diagnostic investigations such as metabolic screening (at least amino acids in blood and urine, organic acids in urine, and blood lactate) and chromosomal analysis were negative. MRI of the brain excluded causal structural abnormalities. An experienced pediatric neuroradiologist reexamined the brain MRI of affected individuals when available. Additionally, we collected clinical data of 6 patients with EE in whom a de novo KCNQ2 mutation was found in a diagnostic setting.
Standard protocol approvals and patient consents. Parents or the legal guardian of each patient signed an informed consent form for participation. The study was approved by the Commission for Medical Ethics of the University of Antwerp and by the Human Research Ethics Committee of Austin Health.
Mutation analysis. In the research cohort of 84 patients, mutation analysis of KCNQ2 was performed on genomic DNA extracted from peripheral blood using standard methods as described previously. 3 For numbering mutations in KCNQ2, which has several splice variants, we used the longest mRNA transcript (isoform a; NM_172107.2) encoding a protein containing 872 amino acids. Sequenom analysis was performed to check for identified mutations in patients and parents. To confirm paternity, we genotyped 15 short tandem repeat markers located on 10 different chromosomes.
Six patients were referred for diagnostic genetic testing using 1 of 2 different next-generation sequencing epilepsy panels enriched for 50 and 38 genes, respectively, known to be associated with EEs and overlapping phenotypes, as well as respective exon-intron boundaries (as described by Lemke et al. 4 in 2012 and at http://www. genedx.com/test-catalog/available-tests/infantile-epilepsy-panel/). Putatively pathogenic variants were validated in patients and parents using direct Sanger sequencing.
RESULTS
Mutation analysis. We identified 9 novel heterozygous missense mutations in KCNQ2 in 11 of 84 patients (13%) of the screening cohort (table e-1 on the Neurology ® Web site at www.neurology.org). Six heterozygous missense mutations were detected with the gene panel (table e-2). There were 3 recurrent mutations with 2 mutations present in 2 patients (D, E and J, O) and the other in 3 (G, H, N). Two different mutations in the same codon were also found (F, M). Sixteen mutations arose de novo (parental data not available for patient P). None of the mutations were previously reported in BFNS nor were they identified in the Exome Variant Server of the NHLBI GO Exome Sequencing Project or in the 1000 Genomes Project. All substituted amino acids were highly conserved evolutionary in mammals. PolyPhen-2 and SIFT predicted a very high probability of a damaging effect for all mutations, further supporting their pathogenic nature.
Interestingly, 2 different mutations in the same codon as found in patient C but with a different substitution (p.Ala265Pro and p.Ala265Val) have previously been reported in 2 patients with KCNQ2 encephalopathy. 3, 5 Clinical features of patients with KCNQ2 mutations. The clinical features of the 17 patients in whom a mutation was detected are summarized in tables e-1 and e-2. Sixteen patients had seizure onset during the first 3 days of life. The mother of patient H reported rhythmic fetal movements during the last month of pregnancy reminiscent of seizures. One patient (Q) diagnosed using the gene panel had epilepsy onset at the age of 5 months. Fourteen patients presented with daily highly frequent seizures (range: 10 per day-status epilepticus requiring intubation) that were difficult to control for several weeks. Seizures had a prominent tonic component with or without associated clonic jerking of face or limbs and were often associated with apnea and desaturation. Three patients (J, K, O) had infrequent tonic seizures at onset. Patient B presented with daily bursts of myoclonic seizures intermixed with tonic contraction of axial and proximal limb muscles. After the neonatal period, tonic, clonic, tonic-clonic, myoclonic, spasm-like seizures, and focal seizures were seen. Eleven patients eventually became seizure-free between the age of 1 month and early adolescence. Three patients (D, M, N) also had nonepileptic dystonic episodes. Cognitive outcome varied widely with mild to moderate intellectual disability (ID) in 5 patients to severe or profound ID in 10. For 2 patients (N, O) aged, respectively, 4 and 8 months with developmental delay, cognitive outcome could not yet be defined. Only 3 patients were able to walk independently at the time of inclusion in the study. Thirteen patients had severe axial hypotonia, in some associated with limb spasticity.
EEG at onset showed a burst suppression pattern in 12 of 17 patients, which in 2 patients (H, I) was only seen during sleep (figure 1, A and D). In 2 of 17 patients, the initial EEG showed multifocal epileptic activity on an immature background, and in the 3 patients with infrequent seizures at onset, only focal epileptic activity was seen. During follow-up, multifocal epileptic activity was seen, often on an immature or slow background. When available, ictal EEG showed a tonic seizure pattern consisting of a high-voltage slow wave followed by flattening of the background with superimposed low-voltage fast activity, or seizures with a focal rhythmic ictal pattern and onset zone changing between seizures (figure 1, C and E).
In patients A, D, H, M, N, and O, seizures accompanied by pronounced bradycardia were documented. Figure e-1 shows a seizure with a particularly prolonged bradycardia in patient D. After an initial tachycardia, bradycardia occurred and lasted for more than 3 minutes. It was accompanied by intermittent ventricular escape rhythms and the disappearance of EEG activity for 8 minutes.
Patient B continued to have frequent tonic spasmlike seizures at the age of 2.5 years, mostly on awakening. She was severely impaired and frequently required oxygen supplementation due to respiratory problems. Shortly after she was diagnosed with KCNQ2 encephalopathy, she was found dead in bed. Death due to sudden exacerbation of respiratory distress seemed unlikely and a possible sudden unexpected death in epilepsy (SUDEP) was hypothesized. Brain MRI performed shortly after onset of epilepsy was available for review for 11 patients; for patients K and Q, only MRI performed after the first year of life was available. Findings are summarized in table 1.
DISCUSSION Since 1998, inherited KCNQ2 mutations and deletions have been known to underlie approximately 60% to 70% of familial cases of BFNS. 1, 2, 6 A minority of the BFNS families has a mutation in KCNQ3. 7, 8 Although seizures at onset can occur several times a day, they remit in the first months of life and developmental outcome is good. Recently, we described 7 novel missense KCNQ2 mutations in 8 patients with NEE, thereby showing that certain KCNQ2 mutations lead to a more devastating epilepsy disorder. 3 Subsequently, 3 novel de novo missense KCNQ2 mutations were detected by whole exome sequencing in 3 of 12 patients with Ohtahara syndrome, confirming its significance in this group of patients. 5 In the study presented here, we found KCNQ2 mutations in 11 of 84 patients (13%) with unexplained NEE. Clinical data of 6 additional patients detected with an epilepsy gene panel in a diagnostic setting are also described. Our data confirm that most patients with KCNQ2 encephalopathy present with neonatal seizures with a prominent tonic component and autonomic signs. Seizures are often accompanied by clonic jerking or more complex motor behavior. One patient (F) presented with bursts of myoclonic seizures, but these were often followed by tonic contraction of proximal muscles. The combination of frequent tonic seizures and burst suppression pattern on EEG in 11 of 17 patients might suggest a diagnosis of Ohtahara syndrome at onset. The evolution of the disease differs from the normal course of Ohtahara syndrome, however, as 11 of the patients with KCNQ2 encephalopathy described here became seizure-free, and evolution to West syndrome was rare. Although spasm-like seizures were common later in life, only 2 patients (J, N) had hypsarrhythmia on EEG. Patient J had epileptic spasms at that time but never had Ohtahara syndrome because she never had a burst suppression EEG pattern; patient N on the contrary never had epileptic spasms.
All 28 patients with KCNQ2 encephalopathy described to date had seizure onset in the first week of life except for patient Q, diagnosed using an epilepsy gene panel. This patient presented with epileptic spasms at the age of 5 months. Infantile onset of seizures has also been documented for a few patients with "benign" KCNQ2 mutations. 9 Because seizure onset in the first month of life was an inclusion criterion for the current study cohort, patients with KCNQ2 encephalopathy with later onset might be underreported. In our previous study, patients with onset of EE up to 3 months were included however, and all mutation carriers had seizure onset in the first week. Later onset thus seems to be rare, although further studies are needed to elucidate the exact frequency of KCNQ2 mutations in patients with infantile EE.
As seen in BFNS, seizures in KCNQ2 encephalopathy are often accompanied by apnea with desaturation and cyanosis. In 6 patients, at least one seizure with prolonged bradycardia was recorded. Ictal bradycardia normally is a rare phenomenon, reported to occur in only 8% of children with epilepsy and 3% of seizures. 10 KCNQ2 subunits are not expressed in the heart so it is unlikely that mutations affect heart function directly. 11 Whether bradycardia is an epileptic phenomenon or occurs in response to hypoxia, a reflex often seen in infants, remains to be elucidated with time-locked EEG-ECG-saturation monitoring. In at least 2 patients (M, N), bradycardia occurred only after apnea, so reflex bradycardia seems a plausible mechanism. Whatever the pathophysiologic mechanism is, the simultaneous occurrence of desaturation and bradycardia in an infant with frequent seizures is a hazardous combination and may lead to an increased risk of SUDEP. Indeed, one patient with frequent seizures (B) was found dead in bed shortly after a diagnosis of KCNQ2 encephalopathy was made. Seizure control should therefore be optimized at all times, even though it may be difficult to achieve.
Response to antiepileptic drugs was variable, but 5 patients (D, G, H, I, J) showed at least a temporary good response to carbamazepine. Two of these patients (G, H) also responded well to IV phenytoin during the initial acute phase after failure of several antiepileptic drugs. A trial with a sodium channel blocker should therefore be considered early in the disease. One patient with KCNQ2 encephalopathy described in the literature became seizure-free on adrenocorticotropic hormone (ACTH) therapy. 12, 13 This could not be confirmed in the 3 individuals (C, M, N) in our study treated with ACTH or steroids because they responded only partially or not at all. Larger studies on the use of ACTH in this disease entity are needed before conclusions on efficacy can be drawn. Finally, one patient was treated with retigabine, an activator of neuronally expressed KCNQ channels. 14 Both seizure severity and frequency reduced markedly when high doses were used. He is the only patient with KCNQ2 encephalopathy reported to date in which this designer drug has been trialed. This is probably related to the minimal experience child neurologists have with the drug because it is currently US Food and Drug Administration approved in adults only. Clinical studies on the use of retigabine in infants and children as well as in vitro studies in KCNQ2 mutant animal models will lead to increased confidence in using retigabine in infants with KCNQ2 encephalopathy.
Confirming our previous findings, 3 variable T1 and T2 hyperintensities were seen in the basal ganglia and/ or thalami in 6 of 11 patients of which brain MRI performed during the first year of life was available for review. Half of the patients (7/13) also had frontotemporal atrophy, a thin corpus callosum, and/or global loss of white matter volume that worsened on sequential imaging in the first 2 years of life.
The current report broadens the KCNQ2 encephalopathy spectrum, as 3 clinical subgroups can be distinguished. The first and largest group (patients A-F, L, M, and Q of the current report and 7 of our 8 original patients) has a stormy onset with frequent therapyresistant seizures. Some patients become seizure-free after several months to years (10/16 patients; median age of seizure freedom 24 months, range 2 months to adolescence), but all develop a severe to profound ID with axial hypotonia, sometimes accompanied by limb spasticity. Frontotemporal atrophy and/or white matter loss is seen on brain MRI of all patients in this group and in none of the other patients. A second group (patients G, H, I, P, and patient 3 of our first report) presents in a similar way. Nevertheless, seizures are controlled in all patients (median age of seizure freedom 4 months, range 1 to 20 months) and they have only mild to moderate ID. In the last group (patients J, K, and O), seizure frequency is lower at onset and although EEG shows epileptic activity, a typical burst suppression pattern or frequent multifocal epileptic activity is not seen. Despite this apparent less dramatic start similar to BFNS, ID does ensue and outcome ranges from moderate to severe ID.
Our patient groups are too small to define prognostic factors. Seizure severity has a role as seizures are more easily controlled in group 2, and developmental regression occurred at the time of seizure exacerbation in patients J, K, and O. This does not seem to be the sole prognostic factor, however, because patient 8 of the first report also became seizure-free at the age of 2 months and nevertheless profound ID ensued. Remarkably, the 4 patient pairs with the 2 recurrent mutations reported so far (patients 7-8 in the first report, patients D-E, G-H, and J-O in the current report) have a comparable disease evolution. Interestingly, there is also marked similarity in disease severity in the patient pairs F-M and 5-D carrying a mutation in the same codon. This suggests that, perhaps not surprisingly, disease outcome depends to a major extent on the underlying mutation. This is further supported by the fact that all KCNQ2 encephalopathy mutations are novel mutations not reported in BFNS.
The reason KCNQ2 mutations lead to phenotypes ranging from BFNS to KCNQ2 encephalopathy with profound ID remains enigmatic. From the occurrence of KCNQ2 deletions in BFNS, it is known that a total loss of function of one allele leads to the benign phenotype only. 1 Haploinsufficiency alone therefore cannot explain the more severe KCNQ2 encephalopathy. Although genetic and environmental background factors might influence the phenotype, it is remarkable that all KCNQ2 encephalopathy mutations published so far are (often recurrent) missense mutations, and never loss-of-function mutations. Most likely, these specific missense mutations exert a dominant negative effect. A conditional mouse model expressing a dominant negative KCNQ2 mutation indeed not only had seizures but also behavioral changes and memory deficits. 15 This observation has interesting therapeutic implications. Until now, the focus of treatment of patients with epilepsy in general has always been on treating the symptoms, i.e., seizures. Nevertheless, now that increasing numbers of genetic causes of EE are being discovered, we should start targeting the underlying cause rather than the symptom. In the last few years, gene therapies for neurologic diseases are being intensively studied in neuromuscular disorders and Huntington disease. [16] [17] [18] [19] Therapies using antisense oligonucleotides are being specifically developed for diseases with known dominant negative mutations. In the field of epilepsy, we are still lagging behind in targeted gene therapy development, and it is time to make the mental shift when we think about developing novel epilepsy therapies. Indeed, specifically inhibiting transcription or translation of the mutated KCNQ2 allele would lead to a loss-of-function situation, mimicking a KCNQ2 deletion, which in turn is known to lead to the milder BFNS phenotype. Such a strategy therefore has the potential to turn a severe EE into a benign neonatal epilepsy syndrome.
In summary, the vast majority of patients with KCNQ2 encephalopathy present in the first week of life with highly frequent therapy-resistant seizures often with a prominent tonic component and autonomous signs. EEG at onset shows a burst suppression pattern or multifocal epileptic activity, and outcome ranges from mild to profound ID. Much fundamental and clinical research remains to be done to fully understand the entity of KCNQ2-related epilepsy. We advocate reporting of more patients to improve understanding through genotype-phenotype correlation, and broader screening of patients with infantile epilepsy to identify additional patients with later onset. Given a mutation frequency of 13% in the group of patients with unexplained NEE, we highly recommend screening of KCNQ2 at presentation in infants with frequent neonatal seizures of unknown origin. The physiologic observation of seizure-related bradycardia deserves further study and may offer an avenue to reduce the likelihood of SUDEP. While gaining more experience with the use of retigabine in children with KCNQ2 mutations is an enticing treatment strategy, an early trial of a sodium channel blocker may also prove useful. 
